F
ortunately for obstetricians and intensivists, the vast majority of women who become pregnant are both young and healthy. Of the relatively small percentage of pregnant women with pregestational medical complications, an even smaller group will experience what we would call a medical emergency, that is, a condition that poses an immediate threat to the life of mother, fetus, or both. Diabetic ketoacidosis (DKA) is such an entity. Once diagnosed, the first order written by the admitting physician should be "Admit to ICU."
In our review of this important subject, we will attempt to present useful information to two groups of readers: a) physiologic changes unique to pregnancy for the medical intensivist, because these changes affect management; and b) a "cookbook" algorithm of medical management for the obstetrician who may have to provide emergency care before consulting an intensivist. Again, fortunately for us, the incidence of DKA in pregnancy has declined substantively over the years, and so has the perinatal mortality (Table 1) (1) (2) (3) (4) (5) . However, the importance of providing prompt, effective medical care is unaltered or perhaps even increased, due to the unrealistic expectation for a perfect outcome for all pregnancies.
Adaptation to Pregnancy
A detailed account of physiologic changes induced by pregnancy is presented elsewhere in this supplement.
Here we review only a few pertinent facts.
The acid-base state of pregnancy is a compensated respiratory alkalosis. Normal pH is 7.43, PCO 2 is 30 mm Hg, and bicarbonate is 19 -20 mEq/L. The drop in bicarbonate occurs to compensate for the primary respiratory alkalosis. This reduction in buffering capacity renders the pregnant woman more susceptible to metabolic acidosis, particularly DKA.
Normal pregnancy is a diabetogenic state, marked by relative insulin resistance, enhanced lipolysis, elevated free fatty acids, and ketogenesis (6) . Ketone bodies can be demonstrated in the serum and urine of normal pregnant women throughout the antepartum period (7) .
Several hormones produced in pregnancy, including human placental lactogen, progesterone, and cortisol, impair the action of maternal insulin and contribute to this diabetogenic state. Insulinase, of placental origin, further depletes maternal insulin (8) . For these reasons, insulin production by the pancreas is augmented during normal pregnancy. If the woman is a known diabetic, the requirement for exogenous insulin also increases with advancing gestation. Insulin dose adjustments may not keep pace with increasing requirements, a fact that may explain the higher incidence of DKA in the second and third trimesters of pregnancy (9) .
Pathophysiology
An overview of the complex pathophysiologic process leading to DKA is provided in Figure 1 (10) .
DKA results from inadequate insulin action and a failure of glucose utilization at the cellular level. With insulin deficiency, the cell is unable to use glucose as an energy substrate. Insulin counterregulatory hormones are released in response to this metabolic condition; glucagon, catecholamines, cortisol, and growth hormone act on insulin-sensitive tissues to facilitate the production of alternative substrates for cellular metabolism, using carbohydrates, proteins, and lipids.
Muscle, adipose tissue, and liver are the insulin-sensitive tissues that respond to both the decrease in insulin as well as the increase in counterregulatory hormones seen in DKA. Decreasing glucose utilization in muscle results in hyperglycemia. Additionally, protein catabolism provides free amino acids for gluconeogenesis.
In adipose tissue, the combination of decreased insulin and increased counterregulatory hormones results in the activation of hormone-sensitive lipase. This enzyme acts on triglycerides stored in the adipocyte, releasing free fatty acids in large quantities, which undergo oxidation in the liver to form ketone bodies. Hepatocytes respond to the insulin deficiency and high levels of glucagon by increasing hepatic glucose production. Hyperglycemia results from the increase in gluconeogenesis and glycogenolysis in the liver and a decrease in glucose utilization in peripheral tissues (10 -12) .
Ketone bodies (acetoacetate, 3-␤-hydroxybutyrate and acetone) are produced in the liver from the oxidation of fatty acids, under the influence of an elevated glucagon/insulin ratio (12) . ␤-hydroxybutyrate production is selectively accelerated in DKA, to a ratio of up to 10:1 compared with acetoacetate (7). Acetone is produced by spontaneous decarboxylation of acetoacetate (12) and is present in DKA in much lower concentration than either ␤-hydroxybutyrate or acetoacetate. It is highly fat soluble and is excreted slowly via the lungs. Acetone production is clinically apparent as a fruity odor on the breath.
In the laboratory, the conventional test for the presence of ketone bodies is the nitroprusside test. This test only detects acetoacetate in serum and urine. Given that ␤-hydroxybutyrate is present in three to ten times greater concentration and that it is metabolized to acetoacetate, the measurement of serum ketones using the nitroprusside reaction may greatly underestimate the degree of ketonemia present in the patient. Quantitative testing for ␤-hydroxybutyrate is available and should be considered if there is concern for a falsenegative nitroprusside result (7) .
Ketone bodies are organic acids that completely dissociate at physiologic pH and are neutralized by bicarbonate (7) . In high concentrations (as seen in DKA), they contribute a large hydrogen ion pool that consumes the normal buffering capacity of serum and tissue, leading to metabolic acidosis with a high anion gap.
The kidney plays an important role in the pathogenesis of DKA. Glucose resorption in the tubules of the kidney is effective up to a threshold of ‫042ف‬ mg/dL, designated Tm (tubular maximum), beyond which glucosuria is evident (13) . Glucose is an osmotically active substance. With increasing hyperglycemia, an osmotic diuresis ensues, leading to dehydration, hypovolemia, hyperosmolality, and electrolyte depletion. Further depletion of electrolytes occurs because ketoacid anions are first coupled to sodium and potassium salts, which are then excreted (7) . Left untreated, worsening acidosis, electrolyte abnormalities, and hypovolemia can have multiple-system effects, including cardiac dysfunction, altered vascular tone, poor tissue perfusion, and diminished renal function, leading to shock, coma, and death.
Clinical Presentation
Armed with an understanding of altered pregnancy physiology and pathophysiology of DKA from the preceding two sections, the clinician is now prepared to encounter a pregnant woman with DKA. Typical presenting features are shown in Table 2 .
Patients with diabetic ketoacidosis classically present with a triad of concurrent abnormalities, which constitute an acronym: D ϭ dehydration; K ϭ ketosis; A ϭ acidosis (metabolic). Although marked hyperglycemia is often detected as well, DKA is occasionally diagnosed with only mild elevations in serum glucose (10) . This is especially true in pregnant women who develop DKA (5, 6). Careful history taking, physical examination, and laboratory evaluation may reveal many of the diagnostic features listed in Table 2 (6, 11, 12, 14) .
Various triggers of DKA in pregnancy have been reported in the literature (3, 6) . In a 15-yr series of consecutive cases of DKA in pregnancy, Montoro et al. (3) found that cessation of insulin therapy in pregnancy was the precipitating factor for DKA in 40% of cases, infection initiated 20% of cases, and 30% of women had previously undiagnosed diabetes until they presented with diabetic ketoacidosis (15, 16) .
Later in this review, we will present a case of a pregnant woman whose first manifestation of diabetes was DKA. The diagnosis of DKA is less likely to be considered in nondiabetics (15) . In addition to Montoro's three categories, certain obstetrical interventions like ␤-mimetic tocolytic agents and corticosteroids to enhance fetal lung maturity have been reported to trigger DKA (17, 18) . Finally, ketoacidosis has been reported as a complication of the use of a subcutaneous insulin infusion pump; however, this risk appears to be small (19, 20) .
The impact of DKA on pregnancy can be artificially separated into maternal concerns and fetal concerns. In reality, both patients are affected simultaneously.
Maternal Concerns
In the same way that DKA represents an acute emergency in the nonpregnant individual, it poses an immediate threat to maternal well-being. Severe dehydration can lead to hypotension, acidosis can cause organ dysfunction, and electrolyte imbalance can cause cardiac arrhythmias. Prompt initiation of treatment can correct all of the metabolic derangements.
Fetal Concerns
Maternal hyperglycemia results in fetal hyperglycemia and fetal osmotic diuresis. The fetus can also become acidotic from ketoacids that cross the placenta. Acidemia decreases uterine blood flow, reduces tissue perfusion, and leads to decreased oxygenation of the fetoplacental unit. Furthermore, a leftward shift of the maternal oxy-hemoglobin dissociation curve with decreased 2,3-diphosphoglycerate increases hemoglobin affinity for oxygen, decreasing fetal oxygen delivery (9, 21, 22) .
Ketoacids dissociate into hydrogen ions and organic anions, both of which are transported across the placenta. Thus, with increasing maternal ketonemia, fetal metabolic acidosis may develop.
Because the fetus is not directly accessible, inferences regarding fetal status are often made from the external recording of the fetal heart rate. Often, decreased or absent variability, absent accelerations, and late decelerations are observed on external fetal heart rate tracings with de- Immediate delivery in response to the presence of nonreassuring fetal monitoring is therefore not indicated, until the maternal metabolic condition is corrected. Intervention for fetal indications should be reserved for fetal compromise persisting after maternal resuscitation. Emergency cesarean delivery in the setting of decompensated DKA could further worsen the maternal condition (21, 23, 24) .
A single episode of DKA poses considerable risk to the fetus. Several retrospective studies have reported a perinatal mortality rate of 9 -35% (1-5). Early recognition and prompt treatment of DKA might well avoid adverse fetal outcome. A recent case of DKA in pregnancy that was not optimally managed resulted in a fetal death.
Case
A 23-yr-old woman gravida 3, para 2 at 31 wks gestation presented to the Obstetrical Service with complaint of "feeling weak" and "throwing up" for 3 days duration. The patient complained of extreme thirst, nausea, and abdominal pain. She was not known to be diabetic; she denied the development of gestational diabetes in either of her two previous pregnancies. On exam, she was noted to have dry mucous membranes, heart rate of 128 beats/min, and respiratory rate of 26 breaths/min. Her weight was 104 kg, and blood pressure was mildly elevated (169/ 87), which was attributed to agitation. Her oral temperature was 100.3°C. She was noted to be tolerating oral fluid intake. Ultrasound examination of the fetus confirmed cardiac activity. A finger-stick blood glucose measurement was initially read as "too high to calculate," followed by a measured finger-stick value of Ͼ600 mg%. Initial laboratory work confirmed hyperglycemia (serum glucose of 836 mg/ dL), an anion gap of 23, bicarbonate of 15 mmol/L, blood urea nitrogen of 8, and creatinine of 1.8 mg/dL; urinalysis was positive for glucose (3ϩ) and leukocytes. Urine and serum ketones were negative. Several attempts were made to obtain an arterial blood gas, but all were unsuccessful. The patient was admitted with a diagnosis of pyelonephritis and hyperglycemia.
Five hours after admission to labor and delivery triage, intravenous fluid and insulin treatment were started. In the first hour, the patient received 500 mL of normal saline and 5 units of regular insulin intravenously. Blood glucose (by finger-stick) values remained Ͼ600 mg% for the next 3 hrs, and the anion gap remained elevated at 20 during this time. Normal saline was maintained at 500 mL/hr over this time interval, along with 5 units of intravenous regular insulin administered hourly.
For each of the next 6 hrs, the patient received 10 units of regular insulin. Blood glucose values remained in the range of 375-440 mg/dL. The patient remained tachycardic (125 beats/min), and urine output was recorded at ‫001ف‬ mL/ hr. The intravenous fluid was changed to 0.45% saline, at a rate of 100 mL/hr over this time period. Potassium chloride was added to intravenous fluids to correct a serum potassium of 3.1 mmol/L. The fetus was monitored by an external fetal heart rate monitor, with a baseline fetal heart rate ranging from 125 to 140 beats/min. Notably, this was the same as the mother's pulse. Ten hours after admission, after difficulty in obtaining a continuous fetal heart rate tracing, ultrasound confirmed an intrauterine fetal demise.
This case illustrates delayed recognition of the clinical manifestations of DKA. Had a timely diagnosis been made, appropriate fluid and insulin therapy could have been instituted, with correction of the maternal metabolic disturbances, and perhaps the fetal death would have been prevented.
Treatment
A careful search for the presence of infection is required for every patient presenting in DKA. Infection has been demonstrated to reduce the rate of glucose utilization by 50% (28) . The presence of bands on a differential is more telling of infection, as an elevated white blood cell count may be the result of dehydration, rather than infection. Common sites of infection include the urinary tract, lungs, soft tissue, sinuses, skin, and teeth. Prompt treatment of infection with appropriate antibiotic coverage will assist in glucose control. Other precipitating causes of DKA are referenced earlier (17) (18) (19) (20) .
We now present our recommendations for treatment of DKA. An algorithmic approach is outlined in Figure 2 , focusing on the treatment of the fetus, maternal acidosis and dehydration, and the elucidation and treatment of underlying causes of DKA. This is followed by recommendations for therapy in a "cookbook" form, detailing fluid administration, insulin therapy, and electrolyte replacement (Table 3) .
For the interested reader, we conclude this section with a rationale for our recommendations for treatment of DKA, including pertinent calculations discussed throughout the text (Table 4) . Treatment of the pregnant woman with DKA does not differ from the nonpregnant patient. The goals of DKA management are as follows:
1. Improve circulating volume and tissue perfusion.
2. Decrease serum glucose. 3. Clear the serum and urine of ketoacids (correcting acidosis).
4. Correct electrolyte imbalances. 5. Treat initiating causes of DKA. 6. Monitor therapeutic response in the mother and fetus.
These goals will be met with volume replacement, insulin therapy, replacement of electrolytes, and treatment of the underlying causes of DKA (10, 14) .
Fluid Therapy. Volume replacement should be vigorous and sustained to cor- rect dehydration, replete circulating volume, decrease serum glucose concentration, restore renal function, and, importantly, prevent a recurrence of acidosis. The major cause of fluid loss in DKA is osmotic diuresis. Isotonic fluid (0.9% normal saline) should be used for initial fluid replacement. Isotonic fluid has been demonstrated to replete the extracellular fluid compartment and correct circulating plasma volume most effectively (11) . Insulin Therapy. Insulin is the mainstay of treatment, correcting the hyperglycemia, acidosis, and the overproduction of ketones that occur in DKA. Continuous insulin infusion of regular (short-acting) insulin is the preferred method of delivery. Intramuscular administration of insulin leads to a delay in response to treatment due to the impaired absorption of insulin in the setting of volume depletion and acidosis (11) . Intravenous insulin therapy should be maintained until after the first dose of subcutaneous insulin is administered, to prevent a recurrence of ketoacidosis. Several protocols describe the subcutaneous administration of insulin after an episode of DKA (11, 25) .
• Admit to obstetric intensive care unit (or equivalent).
• Begin monitoring vital signs, pulse oximetry, strict intake and output, patient weight.
• Labs: arterial blood gas, serum glucose, serum ketones, serum electrolytes, anion gap, urine analysis, urine culture, urine ketones.
• Fetal monitoring if viable gestational age.
Start a bedside flowsheet. 
Electrolyte Replacement
Potassium. Potassium replacement is indicated after fluid replacement and insulin have been initiated. The most rapid changes in potassium occur in the first few hours of treatment (26) . Insulin mediates the shift in K ϩ ion from the extracellular to intracellular space, along with glucose. With correction of acidosis, K ϩ ions are further shifted into the intracellular fluid. Losses of potassium also occur with continued osmotic diuresis and as ketone bodies are excreted by the kidney as potassium salts. The development of significant hypokalemia can precipitate life-threatening arrhythmias (11) ; close attention to serum electrolytes and potassium replacement is essential to the effective treatment of DKA.
On the average, a potassium deficit of 5-10 mEq/kg body weight occurs (11, 12) . Various guidelines are described for potassium replacement (12, 25, 27) . Maintenance of serum K ϩ levels at 4 -5mEq/L will prevent hypokalemia and the associated cardiac arrhythmias. Potassium chloride is most often used for replacement, at a maximum rate of 40 mEq/hr. Potassium phosphate may also be used for replacement, if concomitant hypophosphatemia is present or with the development of hyperchloremic acidosis.
Phosphate, Magnesium, and Calcium. Inorganic cations are also deficient in DKA; however, the need for replacement of these electrolytes is debated. Studies do not demonstrate the benefit of replacement of these cations (26) . As mentioned, potassium phosphate can be used for potassium replacement, if phosphate levels are Ͻ1.0 mg/dL (decrease dose of KCl accordingly). Replacement has also been recommended for patients with left ventricular dysfunction or with obtundation of mental status that has not responded after the initial treatment of DKA (27) .
Bicarbonate. The use of bicarbonate to correct acidosis has been the subject of study and controversy (22, 26) . The metabolism of ketone bodies via the citric acid cycle acts to rapidly regenerate bicarbonate levels. Studies demonstrate that bicarbonate administration has not proven beneficial in the treatment of DKA and its use may be associated with risk, including a paradoxical central nervous system acidosis, hypokalemia, hypertonicity, and the development of cerebral edema (22, 26) . Treatment of DKA with bicarbonate delays the correction of ke- An increased anion gap reflects the presence of a metabolic acidosis, if renal failure is not present.
• Serum osmolality (mOsm/L) ϭ [2(Na ϩ K) ϩ (glucose/18) ϩ (BUN/2.8)] Normal value ϭ 290 Ϯ 5 Serum osmolality is elevated less in DKA (300-330 mOsm/L) than in nonketotic hyperosmolar coma (Ͼ350 mOsm/L). The difference in serum glucose accounts for almost the entire difference in osmolality.
• Corrected serum sodium (mEq/L) ϭ measured Na ϩ {([plasma glucose (mg/dL)] Ϫ 100)/100} ϫ 1.6 Normal range ϳ 135-145 mEq/L Hyperglycemia dilutes plasma Na by 1.6 mEq/L for every 100 mg/dL increase in glucose. An elevated value indicates marked dehydration; below the range suggests too rapid administration of fluids.
• Total body water deficit ϭ {[0.6 ϫ body weight (kg)] ϩ [1 Ϫ (140/serum Na)]} BUN, blood urea nitrogen; DKA, diabetic ketoacidosis. tonemia (22) . Further studies are needed to assess the benefits and risks of bicarbonate administration when pH is Ͻ6.9 or in cases complicated by cardiac dysfunction, sepsis, or shock (10) .
